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Introduction
The Gibraltar Arc, located in the western Mediterranean region, is the tightly curved western limit of the Alpine orogenic system (Figure 1 ). It is formed by the Betic chain in the southern Iberian Peninsula and the Rif mountains in northern Morocco. The arc, also referred to as the Betic-Rif system, encloses the Alboran Sea, a Neogene extensional basin.
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The process or processes responsible for the formation and present-day structure of the Gibraltar Arc continue to be the subject of intense debate, with two major families of models being proposed: subduction-related processes (e.g. active subduction, slab rollback, slab tear, asymmetric delamination) and convective removal of the lithosphere (for a review of the different models see Platt et al., 2013 and references therein) . A growing number of geophysical data collected in the last decade have improved our understanding of the region, predominantly favoring the slab rollback process, but still no single model has received a general consensus (see Gutscher et al., 2012; Platt et al., 2013 for recent reviews).
The Gibraltar Arc exhibits features that combined are characteristic (if not exclusive) of a subduction zone: deep seismicity, arc volcanism and an accretionary prism.
Deep seismicity in the Betic-Rif is distributed in two zones: a slightly curved, N-S band of intermediate-depth events with foci between 70 and 120 km in the region of maximum curvature of the arc; and a tight cluster of deep-focus earthquakes beneath Granada with depths of about 625 km with two major events in 1954 (Mw 7.8, Chung and Kanamori, 1976) and 2010 (Mw 6.3, USGS). The intermediate-depth earthquakes dip very steeply to the center of the arc suggesting a small Wadati-Benioff zone. Their focal mechanisms are variable but indicate downdip tension (Ruiz-Constán et al., 2011) . Volcanic rocks in the Alboran Basin are geochemically similar to volcanic rocks from active subduction zones (e.g. Izu-Bonin and Aeolian island arcs) and consist of low-K (tholeiitic) and medium-to high-K calc-alkaline series (Duggen et al., 2005) . Finally, the Gulf of Cadiz, together with the western part of the external Rif and Betics have long been identified as an accretionary prism or wedge (e.g. Gutscher et al., 2009 ).
Another characteristic feature of most subduction zones is the existence of a positive P-wave velocity anomaly in the mantle that, in the case of the Alboran region,
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4 extends continuously from shallow depths to the base of the transition zone (660 km seismic discontinuity). This feature has been identified by many authors (Blanco and Spakman, 1993; Calvert et al., 2000; Piromallo and Morelli, 2003; Spakman and Wortel, 2004) and has also been the subject of recent studies, some using a similar dataset to this one (Bezada et al., 2014; Bezada et al., 2013; Bonnin et al., 2014; Monna et al., 2013) .
Although most studies agree in the general shape of the anomaly, they differ in aspects that have important geodynamic implications. Is the high-velocity body attached to the surface and where? Do intermediate-depth earthquakes occur in regions of high or low Pwave velocity? Does the high velocity anomaly continue to the east along the coast of North Africa? Is the high velocity anomaly continuous or broken into different blocks?
In order to answer these questions, and to better understand the past and presentday evolution of the region, a number of projects have been carried out recently using different methodologies and approaches. As part of the TOPO-IBERIA project (2007 ) the IberArray network, consisting of seismic, geodetic, and magnetotelluric instruments was deployed in Spain and Morocco The objective of this study is to make use of the waveform data from this large number of newly available broadband instruments to obtain improved images of the A C C E P T E D M A N U S C R I P T
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5 mantle beneath the Gibraltar Arc and to address some of the unresolved geodynamical problems in the region.
Data
The data used in this study are P-wave arrival times of distant earthquakes recorded in broadband seismometers in the western Mediterranean region. In order to obtain very precise arrival times (both relative and absolute) we have first collected continuous waveform data for most of the permanent and temporary broadband stations operating in the Iberian Peninsula, Morocco and the Canary Islands from 2007 to 2012 both inclusive. We have then extracted from the continuous recordings time windows that include the theoretical first-arriving P wave, and used a phase picking method based on simulated annealing (Chevrot, 2002) that exploits the waveform similarity of distant events recorded on nearby stations.
Compilation of broadband seismograms
Permanent broadband networks in the region include both monitoring networks and research networks. Beginning in the 2000s most of the national monitoring networks in the region upgraded their instrumentation from short period to broadband, improved their real-time communications, and adopted GPS timing. A C C E P T E D M A N U S C R I P T we extract a time window starting 5 s before and ending 10 s after the theoretical arrival time of the first arrival (P or PKP df ), computed in the ak135 model (Kennett et al., 1995) .
A typical teleseismic event is recorded by approximately 250 stations.
Cluster analysis
Once the windows containing the P wave are extracted, a cluster analysis is performed, following the algorithm by Knuth (1968) which associates traces according to their degree of similarity, quantified with correlation coefficients. Since teleseismic P waves recorded by a regional array are expected to have similar waveforms, the main cluster contains all the traces for which we can reliably pick P wave onsets. This step is important, because it allows us to automatically reject poor data, simplifying the subsequent visual inspection of seismic traces.
Measurements of differential and absolute travel times
The waveform similarity of teleseismic P waves can also be exploited for accurately measuring relative arrival times by cross-correlation. where N is the number of seismograms, M is the number of samples, d i is the observed record at station i, s is the average waveform, and τ i its delay at station i. Note that we use a L 1 norm to reduce the effects of strong incoherent arrivals in the coda of the P wave. This minimization problem is solved by simulated annealing (Kirkpatrick et al., 1983) . For more details on the algorithm we refer the reader to Chevrot (2002) .
Once the minimum of the misfit function E has been found after a few thousands iterations all the records can be aligned with the average or reference waveform. We can then pick the absolute onset of the P wave on this reference waveform, which has larger signal-to-noise ratio than the individual recordings. Once we have obtained the absolute pick for the reference waveform, we can convert all the relative time delays τ i to absolute, by simply adding them to the absolute pick. We thus measure both absolute and relative arrival times, with a precision comparable to measurements based on cross-correlations.
However, by solving the global minimization problem E, we avoid getting trapped into secondary maxima of the correlation functions, as in the approach by VanDecar and
The results of this automatic processing are then visually inspected and outliers (e.g. stations with bad timing or wrong polarity) and noisy traces are eliminated. On average, it takes a couple of minutes to process an event recorded by about 250 stations.
With this method it is possible to process efficiently large datasets to obtain clean and high quality travel time measurements. After analyzing the entire dataset, we kept 195
earthquakes from which a total of 13,366 P residuals and 482 PKP df residuals were obtained.
Examples
In Figure 
Tomographic method
A detailed description of the methodology can be found in Chevrot et al. (2014) .
Here we describe only the most relevant aspects, and those that are specific of this study.
Crustal corrections
Teleseismic travel time residuals are affected by variations in crustal structure but their ability to resolve it are very limited. Therefore, the most common approach is to apply crustal corrections to the residuals to remove the effect of the crust and obtain a mantle-only model. This implies that crustal structure must be known independently (a priori).
The main issue with the computation of crustal corrections is the accuracy of the a priori crustal model. Global crustal models such as CRUST2.0 (Bassin et al., 2000) are not suitable to obtain accurate estimates of crustal effects on P residuals. An alternative is to consider more detailed regional crustal models. Because of this large variability in published crustal models we have thus decided to construct a new crustal model from the compilation of the raw estimates coming from seismic profiles made by and from crustal thicknesses estimated
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11 using receiver functions (e.g. Mancilla et al., 2013; Mancilla et al., 2012) . To fill the gaps, we have computed receiver functions at other stations with available waveform data for which we determined the Moho depth. Figure reference Earth model (Kennett et al., 1995) .
Model parameterization and inversion
The tomographic model is parameterized in a spherical grid with homogeneous blocks of dimension of 0.25° in latitude and longitude, and 25 km in depth, down to 900 km depth. Rays are traced in the ak135 reference Earth model (Kennett et al., 1995) .
Following an algorithm similar to Spakman and Bijwaard (2001) , we construct an irregular block model which agglomerates the small blocks of the initial regular grid in the poorly sampled parts of the model. This construction reduces the size of the inverse problem and improves its conditioning. To regularize the inversion, we add penalty conditions on the L 2 norm and on the Laplacian of the tomographic model. The variance reduction obtained after 500 iterations of the LSQR algorithm (Paige and Saunders, 1982) is around 70%. This rather large reduction of travel time residuals is a strong indication of the quality of our data set and of the low level of noise in the travel time measurements.
Results
Effects of crustal corrections
Including crustal corrections in addition to ellipticity and station elevation corrections improves the variance reduction by about 4%,which is quite significant. Figure   4 shows the comparison of the model results obtained with and without crustal corrections for two selected depth layers of the model (75-100 km and 125-150 km). The differences are more significant for the shallowest layers of the model, but the effect of not taking into account crustal structure can extend to greater depths.
Resolution
We have evaluated the resolving power of our dataset using checkerboard reconstruction tests. In Figure 5 we show the results of these tests, for anomalies with sizes of 1. As it can be observed in those figures, reconstruction of the checkerboard pattern is very good in the uppermost mantle for the southern Iberian Peninsula and northern Morocco, including the Alboran region. The region with good reconstruction of the synthetic anomalies becomes larger for deeper layers, which is consistent with the increase in the area with crossing rays.
Model description
In Figure 6 we show several horizontal slices of the final model from the uppermost mantle to the bottom of the transition zone. At all depths, the most conspicuous feature is the high velocity body located beneath the Alboran basin and the Betic cordillera. Down to 200 km this high velocity body has an arcuate shape, coinciding with the most curved segment of the Betic-Rif chain, but shifted to the east. With depth, the anomaly tends to move towards the east, giving the appearance of an east-dipping slab (upper 300 km in Figure 7a ). However, with increasing depth, the anomaly starts to lose In addition to the high velocity anomalies, multiple, smaller low velocity anomalies occur throughout the region. Most of these anomalies correspond to regions with Neogene volcanism (e.g. Figure 6a ). Although there is a general good correspondence, some volcanic areas (Calatrava, Cabo de Gata) are located in the edges of the low velocity anomalies, not in the center. Similarly a small but prominent low velocity anomaly beneath the Strait of Gibraltar is not associated with surface volcanism.
Discussion
Here we will describe the robust, most prominent features of the P-wave velocity model and discuss their geodynamic implications. We will also compare our model with previous studies not only to identify the common characteristics, but also to emphasize the new features found. A particularly useful comparison will be with the model of (Villaseñor et al., 2003) , hereafter referred to as VSE03, because of its complementary characteristics to the one presented here. Both models are based on P-wave arrival times but the dataset and methodology used are independent. VSE03 uses the same methodology of Bijwaard et al. (1998) As has been seen in previous studies, the most conspicuous feature in the region is a high-velocity anomaly located mainly beneath the Alboran Sea and Betics that extends from the top of the mantle down to the bottom of the transition zone (i.e. the 660 km discontinuity) and is interpreted here as a subducted slab or slabs.
In its shallow part this anomaly has an arcuate shape, mimicking the curvature of 
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16 an anomalously thick crust (> 50 km) in the westernmost Gibraltar arc (Mancilla et al., 2013) , where topography is relatively low.
In Figure 8 we have drawn contours of the top of the slab from 100 to 400 km depth (defined here when the high velocity anomaly reaches a value of +1%). These contours show an east-dipping, 200 km wide slab. The curvature of the slab decreases to the east, while its steepness increases in that direction. This geometry is consistent with a process of rollback of a narrow slab towards the west. This rollback process is still currently active, as evidenced by GPS and focal mechanisms of local earthquakes in the western Rif and Betics (Fadil et al., 2006; Koulali et al., 2011; Mancilla et al., 2013; Palano et al., 2013; Perouse et al., 2010) .
Below 400 km there is a change in the shape of the high velocity anomaly. The predominant shift of the high velocity anomaly to the east with increasing depth is replaced by a near-vertical SW-NE trending anomaly located beneath the Alboran Sea and most of the Betic range (Figures 6, 8) . The western limit of the anomaly from 400 to 660
km is approximately constant at 5.5W, while it widens and extends toward the east with increasing depth. This change in slab geometry below 400 km depth suggests the existence of at least two subduction stages: first the subduction of Ligurian-Thetis lithosphere in a NW-dipping (e.g. Faccenna et al., 2004) or a SE-dipping direction (Vergés and Fernandez, 2012) , followed by east-dipping subduction and westward slab rollback. This change in subduction is also in agreement with the observed ages and directions of extension in the Alboran region. The most recent (from ~27 to 9 Ma) and faster extension episode in the Alboran basin has an E-W direction, consistent with backarc extension caused by westward slab rollback. This was preceded by a less pronounced NNW-SSE extensional episode (Martínez-Martínez and Azañón, 2002) , in a direction perpendicular to the deep high velocity anomaly. In both cases the extension directions are orthogonal to the strike of the subduction, consistent with a mechanism of backarc extension.
The geometry of the slab below 400 km has also an important implication for the validation of proposed evolution models for the westernmost Mediterranean. Models that propose exclusively westward slab rollback to explain the current configuration of the Alboran region (e.g. Faccenna et al., 2004; Rosenbaum et al., 2002) Africa. However from the evidence presented here we cannot rule out the opposite scenario (e.g. Faccenna et al., 2004; Rosenbaum et al., 2002) . In fact the N-S cross section of our model shown in Figure 7b illustrates a near vertical slab below 300 km depth, but with a small northward dip, compatible with northward subduction of Africa beneath
Iberia.
In addition to the high velocity anomalies associated with the Alboran slab, our model also exhibits regions of significant low velocity anomalies (less than 1%). Since the anomalies in our model are referred to the layer average, these may not be actual low velocities with respect to global averages such as PREM or ak135. However, comparison of the low velocities of our model with those in VSE03 (which are referred to ak135)
show that they coincide well in location and amplitude indicating that they are actual relative low velocities with respect to the global average (see Supplementary Material).
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This confirms that there is very little deviation of the average velocity in our regional model from the global average, as expected from the large extent of the region covered in our study. Amplitudes of low velocity anomalies in ray-based travel time models are known to be underestimated (e.g. due to wavefront healing), therefore the values presented here are lower bounds of the absolute value of the anomalies. This has to be taken into account when using seismic velocity anomalies obtained with this methodology to infer thermal and compositional variations.
Since a likely origin of low velocities in the mantle is higher temperatures with respect to the surrounding mantle, we compare the location of the most significant low velocity anomalies with areas of recent volcanism and proposed thin lithosphere.
In the uppermost mantle (i.e. above 250 km) there are four well defined regions of relative low velocities that surround the Alboran Sea high velocity anomaly (Figure 6a,b) .
Three of them coincide remarkably well with areas of Neogene volcanism: LevanteValencia Trough, eastern Rif, and Middle Atlas. A fourth anomaly, possibly connected to the Middle Atlas anomaly, extends beneath the Gibraltar Strait and eastern Gulf of Cadiz, but does not exhibit any surface expression of recent volcanism. These features have already been described in previous tomographic studies based on travel times (Bezada et al., 2014; Bezada et al., 2013; Bonnin et al., 2014) and surface wave dispersion . Fernandez et al., 1998) . The low velocity anomaly extends eastward into the Valencia Trough, where numerous submarine volcanic outcrops exist, emerging in the Columbretes Islands (e.g. Martí et al., 1992) . This low velocity anomaly extends down to approximately 300 km depth, both in our model and in VSE03. At greater depths, low velocities decrease in magnitude and move to the central Iberian Peninsula.
The second largest low velocity anomaly in size is located beneath the Middle Atlas (see also Bezada et al., 2014; Palomeras et al., 2014) . In this case the location of the maximum absolute value of the anomaly coincides with the location of the Middle Atlas basaltic province, which is the area of largest and youngest volcanism in Morocco, covering a surface of ca. 960 km 2 (El Azzouzi et al., 2010) . The volcanism in this region has been proposed as the result of a thin lithosphere (less than 90 km) leading to an asthenospheric uprising (El Azzouzi et al., 2010; Fullea et al., 2010) . This coincides well with our model and other recent ones (Bezada et al., 2014; Palomeras et al., 2014) Fullea et al., 2010; Teixell et al., 2005) that indicate the presence of thin lithosphere (< 100 km) beneath these regions. This would explain not only the observed low velocity anomalies, but other features such as high topography with modest tectonic shortening, the absence of large crustal roots to support elevation, and the occurrence of alkaline magmatism contemporaneous to compression in the volcanic provinces of the Middle Atlas and Anti-Atlas (Siroua,11-2 Ma; Saghro, 9.6-2.9 Ma).
At depths greater than 300 km the correlation between low velocity anomalies and
Cenozoic volcanism begins to disappear. The only exception occurs beneath the AntiAtlas, where the absolute value of the anomaly even intensifies with depth. Since this area is on the edge of our model, this anomaly could be the result of smearing in the vertical direction because of the lack of crossing rays. For the same reason we cannot confirm the continuation of this low velocity anomaly to the west into the Canary Islands, as the model below 300 km seems to indicate. Some authors have proposed the existence of a corridor in the sublithospheric mantle extending from the Canary Islands to the Alboran sea that would be responsible for the observed Cenozoic volcanism in Morocco (Duggen et al., 2009 ). Oyarzun et al. (1997) propose that volcanism in western North Africa and in the European Cenozoic rift systems (Goes et al., 1999; Ziegler, 1992) 
Conclusions
We have obtained new images of the upper mantle beneath the westernmost Mediterranean region using teleseismic travel time tomography. We have used a new dataset of high-quality P-wave arrival times recorded on permanent and temporary broadband instruments in the region. Due to the higher quality and coverage of the new dataset, we are able to define with more detail features that were observed in previous models based on ISC arrival times. The dominant feature of the model is a high velocity anomaly that extends from the base of the crust down to the 660 km discontinuity. We Teleseismic tomography using ray theory cannot recover accurately the magnitude of the velocity anomalies (particularly low velocities). However, with the ray coverage of our dataset, the parameterization, smoothing, and crustal corrections used, we are able to resolve small scale features, such as an arcuate, concave to the east, high velocity slab-like anomaly that exactly coincides with the geometry of the intermediate depth seismicity (Figure 6a ). The location of the profiles is shown in Figure 6b . Green circles are projected hypocenters of earthquakes in the IGN catalog that are closer than 100 km to the profiles. 
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